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     Sustainable practices in mass food production are at the forefront of global 
concerns. Industrial methods of nitrogen fixation for use in fertilizers constitutes 
nearly 25% of the total amount produced from both biological and non-
biological sources (Al-taani, 2008). The current industrial method of nitrogen 
fixation for use in fertilizers, the “Haber-Bosch process” [N2 (g) + 3 H2 (g) ↔ 2 
NH3 (g)] is our main source of non-biological conversion of atmospheric 
nitrogen to ammonia.  Titanium dioxide (TiO2) is a chemical catalyst, a 
component of soils found in arid regions, and, pertaining to these regions, has 
been shown to photo-catalyze atmospheric nitrogen to nitrate.  This research 
experiment utilizes the catalytic mechanisms of titanium dioxide, focusing on its 
chemical ability of converting nitrogen to nitric acid:  
 
[2N2(g) + 5O2(g) + 3H2O (l) → 4HNO3 (aq)]).   
 
     The production of acid limits the catalytic process but can be counter-
balanced with the addition of sodium hydroxide base (NaOH), increasing 
nitrates yields.   Methodology included the observable production of nitrate 
with modifications to experimental variables such as thermal pressure, heat, and 
base addition to counteract nitric acid production.  Observations also included 
nitrate production in both the presence and absence of water and the effect of 
extended heating on nitrate production.  This method of nitrate manufacturing 
could serve as a sustainable source of nitrogen for fertilizers, drastically limiting 
agriculture related carbon dioxide emissions globally.   
 
 
Abstract Methodology 
Results 
Conclusions 
The data consistently showed that the 
addition of sodium hydroxide to counteract 
the self-limiting production of nitric acid 
increased nitrate yields in all experiments, 
but titanium dioxide alone did not show a 
strong variance from the controls (see graphs).  
The amount of nitrate produced varied with 
experimental constraints, most notably when 
heat and pressure were manipulated.  The 
greatest yields were produced in samples 
containing NaOH and in the absence of 
water (see left). 
 
Preparation of the Titanium Dioxide (TiO2)  
     60 grams of TiO2 were boiled and centrifuged three times in 1500 ml of de-ionized water, 
followed by two regular unheated rinses (200 ml of de-ionized water vigorously shaken for 
half an hour) and centrifuged again.  Following the rinses, the recovered titanium dioxide 
(~59 grams) was divided into two even portions. 
  One of half was mixed with 1% sodium hydroxide by weight and the other left  
plain.  The TiO2 / NaOH mix was left to dry. Following drying of all mixed and unmixed 
TiO2, samples would prepared in the following arrangement: two 5 gram TiO2, two 5 gram 
TiO2/NaOH, and two 5 gram unheated controls of each.   
 
  
The result of temperature variance was 
seen in one sample set heated 
unpressurized for 4 hours.  Upon 
analysis of the processed samples, 
similar variations in nitrates peaks were 
seen but with an overall decrease in 
production.  The nitrate manufacturing 
capacity of TiO2  appeared to degrade 
with time. 
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     Besides the photo-catalytic properties of titanium dioxide found in soils of 
arid regions, certain factors influence the thermal fixation of atmospheric 
nitrogen in the presence of titanium dioxide.  Nitric acid production (HNO3), a 
natural byproduct of the TiO2 catalytic mechanism, self-limits the viable 
production of nitrate (figure 1).   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
     However, when a base addition (sodium hydroxide) is present, a 
considerable increase in nitrate production is observed.  Also, prior research (Al-
taani, 2008) has shown that the catalytic mechanism may be influenced by the 
presence of water. This may play a lesser role in a natural system, as this 
mechanism was associated with soils in arid (low precipitation) regions.      
 
     Overall, the catalytic mechanisms of titanium dioxide are not fully 
understood.   Along with assessing the viability of a “green” alternative to the 
current method of nitrate production for fertilizers, this research will also help 
shed light on the dynamic nature of this naturally occurring substance. 
Figure 1. Effect of prolonged heating of rutile at 200°C on 
surface acidity and nitrate yields, heated in air (5g of TiO2, plate area = 
177cm2) (n = 6 for each nitrate point and 3 for each pH point).  
(Al-taani, A. & Miller, G.C., 2010) 
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Heating Method 2: 
Several experiments included the following heating and sampling method: 
     The four 5 gram samples, consisting of two mixed (TiO2/NaOH) and two 
unmixed, were placed in individual Petri dishes evenly spaced in a standard 
laboratory heating oven.  They were baked uncovered for 2 hours at 200 degrees C.  
Upon completion, they were extracted, diluted, and processed by the same method 
as the pressurized heat treatment in Method 1.    
200 C, 2 hours, heat only, no water 
Sample Nitrate (g/L) 
  Average Std. Dev. 
TiO2 Sample 1 & 2 0.047045 ± 0.00032 
TiO2 + NaOH, Sample 1 & 
2 0.145909 ± 0.00257 
200 C, 2 hours, 200 psi, water added 
Sample Nitrate (g/L) 
  Average Std. Dev. 
TiO2 Sample 1 & 2 0.01297 ± 0.00083 
TiO2 + NaOH, Sample 1 & 2 0.04631 ± 0.00051 
Titanium dioxide generally produced 
more nitrates than the controls but not in 
the presence of water.  The data shows that 
water could impair the mechanism when 
the samples are pressurized.  However, 
this generalization needs further study as 
the catalytic properties of titanium dioxide 
aren’t completely understood.  
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200 C, 2 hours, 200 psi, no water 
Sample Nitrate (g/L) 
  Average Std. Dev. 
TiO2 Sample 1 & 2 0.058974 ± 0.00846 
TiO2 + NaOH, Sample 1 
& 2 0.145909 ± 0.01904 
200 C, 4 hours, heat only, no water 
Sample Nitrate (g/L) 
  Average Std. Dev. 
TiO2 Sample 1 & 2 0.002385 ± 0.000134 
TiO2 + NaOH, Sample 
1 & 2 0.00405 ± 0.000509 
*note: One sample was heating for an extended period of time (Figure 9) 
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In conclusion, the data shows that the mechanism of nitrate fixation is driven by the 
presence of a base (in this case sodium hydroxide) to effectively counteract the 
production of acid.  The presence of water, although stimulating the production of 
nitrate in all instance, was not a critical component of the mechanism.  In fact, water 
could be limiting the production of nitrate (especially in the presence of thermal 
pressure) as the greatest amounts were produced in the absence of water.  The data 
shows that this method of nitrate production is viable and sustainable process, 
making this truly “green chemistry”.   This can be attributed to three key aspects: 
 
1. The energy input requirement for this method is substantially less than the 
input (methane or hydrogen) needed for the current Haber-Bosch process of 
creating ammonia for fertilizer. 
 
2. Eliminating fossil fuels as an energy input would reduce carbon dioxide 
emissions completely. 
 
3. Titanium dioxide does not degrade (theoretically) and can be recycled 
multiple times.  This minimizes excessive waste byproducts.  
 
Heating Method 1: 
Several experiments included the following heating and sampling method: 
     The four 5 gram samples, consisting of two mixed (TiO2/1% NaOH by mass) 
and two unmixed (TiO2) were placed in a pressure reactor containing a 1L glass 
insert kept at ~200 C and ~200 psi for 2 hours.  Controls were not.  Some 
experiments included an exposure to 80 ml of de-ionized water and some that 
were pressurized dry. At the culmination of the pressurized heat treatment, the 
samples were extracted and diluted 1:10 (50 ml) with de-ionized water.  The 
samples were vigorously shaken, filtered with a .45 micron filter syringe, and 
the extracted fluid was processed through a Dionex Ion Chromatograph . 
  
Preparing for the 
oven, Figure 4 
